The two position solenoid operated cartridge valve is widely used in the applications, such as process control systems, pavers, agricultural machinery, where response and installed costs are more important than precise control through electronic position feedback. In recent years, the combination of multiple cartridge valves, so called 'smart valve' or 'programmable valve', which is able to break the mechanical linkage between the meter-in and meter-out orifices and enables high precision control as well as optimal usage of energy, is gaining engineering interests. But the control of such combination is far from trivial. It demands good knowledge of the valve dynamics and nonlinear flow properties. Unlike servo valve or proportional directional control valve, a mathematic model of solenoid operated cartridge valve, or even a thorough understanding of the dynamics and nonlinear performance, are not available.
INTRODUCTION
Two position solenoid operated cartridge valves are controlled to give directional, flow, and pressure functions. Almost all valve functions can be found in a cartridge valve configuration. The cartridges are designed to be inserted, screwed-in, or slipped-in to a standard cartridge cavity that is pre-formed and drilled manifolds, cored castings or into pump or cylinder casings.
Cartridge valves have added an entirely new dimension to hydraulic system design. Indeed, it represents a significant technological advantage to everyone including the machine designer, the machine manufacturer, and the maintenance personnel of the machine user. Cartridge valves offer tremendous advantages, such as: eliminating many conduits and fittings, vilrtually eliminating external leakage, elevating limitations on pressures and flows, low costs, high-flow capacity relative to their size, quick and easy replacement, versatility, and so on.
In recent years, the combination of multiple cartridge valves, so called 'smart valve' or 'programmable valves', which is able to break the mechanical linkage between the meter-in and meter-out orifices and enables high precision control as well as optimal usage of energy, is gaining engineering interests.
Though cartridge valves offer tremendous advantages, precise control of cartridge valve combination, such as the 'programmable valves', is far from trivial. It demands good knowledge of the valve dynamics and nonlinear flow properties, lack of which limits the wide application of such cartridge valve combination. Unlike servo valves, which have very complicated mechanism yet relatively simple mathematical description, cartridge valves have relatively simple internal structure but are very difficult to be described mathematically.
To 
EASY5 MODEL OF THE CARTRIDGE VALVE
The cartridge valve is modeled in 2 steps: 1. modeling the dynamics of the valve, mainly the dynamics of the spool; 2. dynamic relationship between flow rate and spool displacement. After the model is done, different simulations are performed by assigning an upstream condition and downstream constant pressure tank to the valve. The upstream pressure condition and the current input can be set and changed by the tabular functions. The configuration of simulations is shown by fig. 1 . 
Valve Dynamics
The valve spool can be modeled into a single mass subjected to external forces, frictions and hard position limits. Its dynamics can be described as: 
F, pn,g = -( K ' ( X + Xo)+ Fo) where K is spring constant, x is the position of spring and Xo is added to x to get the actual spring compression, Fo is preload.
Fflow is the force generated by the different pressures applied on the two faces of piston and calculated by Fflo~ = (P~A~ -P , 4 ) where PI and P2 are pressures against face outside of volume and inside of volume, respectively; while Ai and A2 areas of piston face outside volume and inside volume, respectively.
The force due to viscous damping from fluid in the radial clearance between the piston and housing is equal to Fdamping = b . v where v, the relative velocity of piston to cylinder, is calculated by EASY5 intemally, and b is the viscous damping coefficient, which is given from the definition of shear force: b = ~,uL~D/C R /J is the absolute viscosity of the fluid and defined with the fluid chosen by the system, CR is radial clearance of the piston to cylinder and Lc is the length of contact with cylinder wall in direction of motion.
Coulomb friction is a simple nonlinear signum function
Ff,~.o . = PC. sign(k)
where P¢is dynamic coulomb friction force magnitude.
The breakaway friction or stiction is modeled as follows:
F.,.,o° --L0,1 i
where P¥is breakaway friction force magnitude. The solenoid force, spring force, damping force, flow force can be modeled by HV force components SO, SF, FD and CV, respectively, as shown in fig. 2 . The friction forces are set within the single mass component PM.
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Fo~c, ~Volu~ fmm he/mm,Dilmnsio where Ca is orifice discharge coefficient; AAF the true flow area; aP=e,
The flow area dynamics is described by a simple 1 st order lag:
where ARE is the flow area and Tc is the time constant.
SIMULATIONS

Step Response
The dynamics response of the flow rate with respect to the current input is of most interest to us. The first simulation is designed to show the response of step response of volumetric flow rate at different constant pressure conditions. The simulation results are shown in rigA.
Step 
Current Input
Due to this characteristic, we can separate the valve dynamics from the static nonlinearities. It enables us to model the cartridge valve as a linear dynamic system followed by a nonlinear static system, as illustrated in Fig. 5 
Figure 5. Inverse linearization of Cartridge Valve
The second conclusion we make based on the simulation results is: the on-stroke time is longer than the off-stroke time. This is because the flow force and the spring force resist the movement of the spool when the spool is going to open, while they accelerate the movement when spool is going to close.
Static Response, Flow vs. Current
This simulation shows the static response of the cartridge valve. The simulation is done by setting the upstream pressure to a constant, and check the static flow response with respect to input current signal. The results are shown in Fig. 6 . performance. It is also able to connect with Matlab for more complicated simulation. The simulation results show that the cartridge valve has large nonlinearities. The results also confirm the separation of valve dynamics from nonlinearities, which enables inverse lineafization design method.
